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INTRODUCTION
Non-solvent induced phase separation method (NIPS) is the most widely used technique to prepare membranes with different morphologies and properties varying from microfiltration to pervaporation and gas separation [1] . This process is governed by the thermodynamic and diffusional properties of the different components present in the system, which is usually composed of a polymer, a solvent and a non-solvent.
Thermodynamic properties are usually studied by the ternary phase diagram formed by the previous components, where the construction of the cloud point curve can be used to obtain the binodal curve of liquid-liquid phase separation, which determines the membrane structure. In this way, the composition at which the polymer solution (basically formed by at least one polymer dissolved in at least one solvent) is no longer thermodynamically stable can be determined [2] . However, besides thermodynamics, the kinetics factors (such as diffusion rate) also play an important role in the morphology development. When the polymer solution (or dope solution) is immersed in a non-solvent bath (or coagulation bath), polymer is solidified through the exchange between the solvent and non-solvent [3] . In their studies, Reuvers et al. predicted two types of demixing in a membrane forming-system using the Flory-Huggins theory with binary data on thermodynamics and on the diffusional behaviour of the components present in the system: delayed and instantaneous demixing [4, 5] . Different authors demonstrated that the formation of porous substructures with open and large channellike cavities (called macrovoids) is related to the mechanism of instantaneous demixing [6] [7] [8] . In the same way, slow precipitation rates (delayed demixing) produce sponge-like structures [3, 9] . For these reasons, the choice of solvent/non-solvent system (related to their miscibility), the composition of polymer solution, the composition of the coagulation bath and the casting conditions are key factors during membrane preparation process [10] .
The comprehension of the different processes taking place in the ternary system is essential to understand the membrane formation mechanism. However, this system is never used neither in commercial applications nor in research field. The presence of additives in the polymer/solvent/non-solvent system (forming a quaternary or pseudoternary system) could be very important to control the membrane morphology and to improve some characteristics of the nascent membrane such as mechanical, thermal, magnetic, hydrophilic and even antifouling properties. The incorporation of additives in the casting solution (blending modification) or in the coagulation bath has been studied in a micro or nanoscale by many researchers [11] [12] [13] .
Nanotechnology involves the creation, modification and use of both materials and systems at a size scale lower than 100 nm. The aim of this technology is its ability to be developed in a wide range of purposes, regardless of the research field. Examples of some applications of nanotechnology are: to treat the oxidative states and to prevent scarring after glaucoma surgery in ophthalmology [14] , as nanocarriers to treat cancer or malaria [15] , to improve lithium battery systems [16] , in food structure research [17] , and in membrane separation processes. In the last case, the nanotechnology applied to membrane synthesis has recently caught the attention of many researchers in order to combine the unique properties of the nanoscale structures (such as catalytic activity and antimicrobial) with the morphology and polymer properties to prepare mixed matrix membranes (MMMs), which can be defined as inorganic and organic nanofillers dispersed at a nanometer level in a polymer matrix [18] . These membranes may also be referred to as "hybrid inorganic-organic nanocomposite membranes". MMMs make use of the benefits of the transport properties of both inorganic and organic materials in the polymer matrix that provide higher strength, permselectivity and antifouling characteristics compared to bare polymeric membranes. Some examples are polymeric membranes modified with zeolite [19] , zero-valent metals [20] , carbon nanotubes [21] , metal oxide nanoparticles [22] , and fullerenes [23] .
Normally, the studies about membrane modification using metal nanoparticles as additives are focused on their hydrophilic or hydrophobic character rather than the synergism caused by their own presence in the matrix structure and on the membrane surface, regardless of their hydrophobicity. No papers have reported the effect of ultralow concentrations of metal nanoparticles with different nature and hydrophobicity on membrane morphology. For this reason, in order to explore the changes caused by the presence of the inorganic nanoparticles even at ultra-low concentrations on the formation of the membrane structure, the novelty of the present work is to investigate the effect of two inorganic compounds with different physical and chemical characteristics and opposite hydrophobicity in the formation of membranes made of polyethersulphone (PES) by phase inversion method (NIPS in this case): a well-known hydrophilic metal oxide (zinc oxide, ZnO) and a hydrophobic transition metal chalcogenide (tungsten disulphide, WS 2 ). Both metal nanoparticles are widely used as additives in both research and commercial applications due to their unique structure and functional properties, which are different from those of the bulk forms. Similar to other metal oxides in nanoparticle form (such as TiO 2 ), nano-sized ZnO show excellent antibacterial, antifungal and anticorrosion features, including promising catalytic activity, high surface area, photosensitivity, chemical stability, hydrophilicity, and low cost compared to TiO 2 and Al 2 O 3 . For these reasons, ZnO nanoparticles have been used by other researchers as additive in blending modification of polymer membranes for improving hydrophilic and antifouling properties [24, 25] . As transition metal chalcogenide (such as MoS 2 ), nano-sized WS 2 is insoluble in common solvents and practically inert and has some interesting electronic and optical properties. Due to their hydrophobic character, WS 2 nanoparticles can be used as additives to increase the hydrophobicity of polymer films (such as polytetrafluoroethylene) and as a photocatalyst, especially when these nanoparticles are coupled to TiO 2 and SiO 2 for organic matter degradation [26] [27] [28] .
In this work, morphology, surface properties and composition of each membrane were analysed using Scanning Electron Microscope (SEM), Atomic Force Microscopy (AFM), Energy Dispersive X-ray spectroscopy (EDX), Fourier Transform IR spectroscopy with Attenuated Total Reflectance (FTIR-ATR), membrane porosity, pore size, and water contact angle measurements. Also, the influence of both compounds on the permeation properties was studied by water permeation, molecular weight cut-off (MWCO) determination and humic acid rejection.
EXPERIMENTAL

Materials
Polyethersulphone (PES, Veradel P 3100, M W = 35000 Da, supplied by Solvay Advanced Polymer, Belgium) was employed as base polymer and N-methyl-2-pyrrolidone (NMP, purity of 99.5 %, purchased from Sigma Aldrich, Germany) was selected as solvent and used without further purification. The non-woven support was commercial grade Viledon FO 2471 from Freudenberg (Germany). WS 2 and ZnO were used as additives in nanoparticle form, where the former was supplied by MK nano, MK Impex Corp. (Canada) and the latter was purchased from Sigma Aldrich (Germany) with a particle size lower than 50 nm. Polyethylene glycols (PEGs) of different molecular weights (from 6000 to 20000 Da) were selected for MWCO characterisation.
Humic Acid (HA) was used as feed solution to during fouling experiments because this compound is one of the main well-known foulant and also the main component for natural organic matter (NOM) in surface waters, causing different adverse effects such as the growth of microbial population, unpleasant odours, changes in colour, and the formation of different dangerous by-products for human health (trihalomethanes or haloacetic acids) [29, 30] . Both solutes (PEG and HA) were also purchased from Sigma Aldrich (Germany). All reagents were employed as received without further purification. Deionised water was used throughout this study.
Membrane preparation
Membranes were prepared by using non-solvent induced phase separation method (NIPS). Firstly, different additive concentrations (i.e. 0.05 and 0.25 wt% metal nanoparticles/PES ratio) were fully dispersed in NMP for 3 h by vigorous mechanical stirring (600 rpm) at room temperature (20 ºC). Subsequently, a predetermined amount of PES (20 wt%) was gradually added with continuous stirring at the same conditions for at least 48 h until the polymer was completely dissolved. The polymer concentration used in this study was selected according to previous studies about preparation and modification of polymeric membranes [12, 31] , whereas these additive concentrations were selected to examine the effect of ultra-low concentrations of metal nanoparticles on the membrane morphology and performance. After obtaining a homogeneous solution, the air bubbles that might be trapped in the polymer solution were removed by vacuum pump (40 ºC for 15 min). Polymer solutions were then cast onto nonwoven supports by using a film applicator (K4340 Automatic Film Applicator, Elcometer) with a 200 μm casting knife at 20 ºC and constant relative humidity (~ 20 %), followed by immediate immersion in a non-solvent coagulation bath (distilled water at 20 ºC) for precipitation. This procedure (the control of both temperature and relative humidity and also the immediate immersion) was implemented to control a preceding dry phaseinversion in the atmosphere. After 1 h, the resulting membranes were washed with deionised water to remove the remaining solvent and finally stored in ultrapure water for further testing. For each composition, three polymer solutions were prepared; obtaining three membranes for each polymer solution.
Ternary phase diagram for polymer/solvent/non-solvent system
Ternary phase diagram for PES/NMP/water system was constructed by titration method to obtain the clouds points [32] . For this purpose, 5 g of a homogeneous PES/NMP solution prepared with 20 wt% PES was introduced in a sealed container with a magnetic stirrer. Subsequently, a known quantity of water/solvent solution was added dropwise while the PES/NMP solution is thoroughly stirred. When this solution became turbid and persisted during a few minutes (~ 10-15 min), the cloud point was reached.
Solvent was then added to dilute the solution and make it clear again. After each change in the composition of the PES/NMP solution, the container weight was recorded to obtain each fraction of the different compounds used.
The same procedure was applied for plotting the ternary phase diagrams for PES + metal nanoparticles/NMP/water systems. The main difference was the presence of different concentrations of additives (0.05 and 0.25 wt% metal nanoparticles/PES ratio) during the preparation of PES/NMP solution in the first stage of this procedure. These solutions were prepared as it was described before (Section 2.2).
Morphological characterisation
All the synthesised membranes were characterised in terms of water contact angle, membrane porosity, plane and thickness shrinkage ratio, FTIR-ATR, SEM, EDX, and AFM techniques. For this purpose, three samples of each membrane were used for testing.
A contact angle measuring system DSA10 MK2 (Krüss, Germany) was used for determining the water contact angle of each membrane surface. A water droplet (2 ml) was placed on a dry flat homogeneous membrane sample and the contact angle between the droplet and membrane was measured. The average contact angle for ultrapure water was determined in a series of ten measurements for each membrane sample.
Membrane porosity (ε) of each membrane was determined by wet-dry weighting method, where wet samples were weighed after mopping superficial water and after that, these samples were dried by putting them in a vacuum oven for 24 h at 50 ºC and then they were weighed in a dry state. Therefore, ε was calculated using the following equation [33, 34] :
Eq. (1) where W W and W D are the weights of membrane in swollen and dry states, respectively. ρ W denotes the density of pure water at operating conditions (g/cm 3 ) and ρ p represents the density of the polymer (g/cm 3 ). The overall porosity value was obtained as the average of five different samples of each membrane.
In the same way, shrinkage ratios of all the synthesised membranes were determined using the length (a), width (b) and thickness (h) of each sample considering the theoretical dimensions values before and after the phase inversion process. The theoretical membrane thickness was 380 μm (200 μm from casting knife and 180 μm from non-woven support) and the sample dimensions were 1 x 1 cm. The shrinkage ratio was calculated using the following expressions:
Eq. (3) where ab shrinkage is the plane shrinkage ratio (%) and h shrinkage is the thickness shrinkage ratio.
FTIR-ATR spectra of the synthesised membranes were recorded on a Perkin-Elmer Spectrum 100 spectrometer equipped with an ATR accessory in the range from 4000 to 650 cm -1 . Membrane samples were dried at the same conditions (by using a vacuum oven at 50 ºC) before the FTIR-ATR analyses.
Cross-sections of the synthesised membranes were observed by scanning electron microscopy (SEM). SEM images were made with a JEOL JSM6300 (Japan) instrument Eq. (5) where Z i is the current Z value measured, while Z avg is the average of the Z values within the given area and N p is the number of points within the given area.
Filtration experiments
The permeation properties of all the prepared membranes were characterised in terms of water permeability (membrane intrinsic resistance), MWCO determination and HA rejection studies using dead-end filtration experiments. For this purpose, three samples of each membrane were used for testing the permselective properties. Firstly, all the membranes were compacted at room temperature and 4 bar in dead-end mode with a Sterlitech HP 4750 stirred cell, with a similar experimental setup as that is shown in [35] . The effective membrane area in the cell was 14.6 cm 2 and its volume capacity was 300 ml. After the compaction procedure, water permeability experiments were carried out with ultrapure water at different operating pressures ranging from 1 to 4 bar at 25
ºC. The ultrapure water flux (J W , L/m 2 ·h) was measured using the gravimetric method and was determined by:
where V is the volume of permeate water (m 3 ), A m is the effective area of the membrane (m 2 ) and t is the permeation time (h). The slope of the linear regression of J W on ΔP was determined as the water permeability (K W ), which was calculated using the following expression:
According to Darcy's law, the membrane intrinsic resistance (R m ) was obtained by Eq. 
where C p is the solute concentration in the permeate stream and C f is the solute concentration in the feed solution.
The solute radius can be obtained from its diffusivity in a solution by using the StokesEinstein equation. Details of these calculations were reported by [39] . If it is assumed that the diffusing solute could be a sphere moving in a continuous fluid of solvent, the diffusivity D AB can be expressed as:
Eq. (10) where k is Boltzmann's constant, T is the temperature, η is the solvent viscosity, and r is the hydrodynamic radius or Stokes-Einstein radius. This is known as the StokesEinstein equation and is a good approximation for large solutes greater than 0.5 nm [40] . The hydrodynamic radius can be defined as the radius of a hypothetical sphere that diffuses at the same rate as the particle under study.
In the same way, the diffusivity can be determined using the following equation:
where [η] is the intrinsic polymer viscosity and M w is the molecular weight of the solute. If both expressions are combined, the next equation is obtained:
The intrinsic viscosity of PEG is related to its own molecular weight and it can be calculated using the following equation [41] :
By substituting Eq. (13) (14) where r was the Stokes-Einstein radius of PEG in cm, and M w is the average molecular weight of PEG in g/mol. Therefore, the average pore size can be predicted by the r calculated from the MWCO of the membrane that was determined from the StokesEinstein radius of the solute which gives 90 % separation applying this equation. This relationship was extensively used by other researchers [36, 42] .
After obtaining the MWCO and the water permeation experiments, each synthesised membrane was firstly subjected to a compaction test with ultrapure water at 2 bar during 30 min. Then, a HA solution with concentration of 500 ppm at pH=7 was prepared in ultrapure water by adding 1 mM NaOH (Merck, Germany) solution using a pH meter (15) where J f1 and J f2 are the permeate fluxes at the beginning and after the fouling filtration, respectively.
Finally, HA rejection for each membrane was calculated by obtaining the HA concentration in the permeate stream using a Shimadzu UV-1601 double beam spectrophotometer (Japan) and applying the Eq. (9).
RESULTS AND DISCUSSION
Morphological study
In order to visualise the effect of the metal nanoparticles in the membrane structure, SEM analysis of the different synthesised membranes was carried out to study the surface and especially cross-sectional morphology in a qualitative way. Fig. 1 presents the SEM images of the cross-sections obtained for each synthesised PES membrane prepared with and without metal nanoparticles in its polymer structure. It can be seen that control PES membrane have an asymmetric structure consisting of a dense thin skin layer on a porous thick open channel-like sublayer with the presence of macrovoids inside the channel-like pores and near to the bottom of the membrane and a skin layer with a dense nodular like structure, which agrees with the typical structure obtained for membranes formed by immersion-precipitation phase inversion method [43] . In general, phase-inversion method is dominated by the exchange rate or affinity between the solvent in the casting solution and the non-solvent in the coagulation bath. The presence of macrovoids indicates that there is a good miscibility between NMP (as solvent) and water (as non-solvent), which allows the penetration of the water into the casting solution (instantaneous demixing) and generates a porous structure [6, 44] . Even at ultra-low concentrations, the incorporation of metal nanoparticles had influence in both thermodynamic and kinetic properties of the PES/NMP/water system, resulting in interesting modifications in the inner membrane structure: the open channel-like structure with macrovoids turn into a longer and narrower finger-like structure with partial or total suppression of macrovoids. Their effect was more significant in the kinetics than in the thermodynamics, which led to a delayed demixing in membrane formation and then, the formation of a long finger-like structure with macrovoids free.
These changes could be explained by the following reasons: metal nanoparticles increased the thermodynamic instability of the polymer solution when reacted with 1.
1.
water, which could cause a rapid phase demixing and then, the macrovoid formation [11] . However, metal nanoparticles have higher affinity for water compared to PES material (especially metal oxides such as ZnO), resulting in a longer time for the exchange between the non-solvent in the coagulation bath and the solvent in the polymer casting film before gelation and vitrification. Therefore, when the casting solution was immersed in the coagulation bath, longer exchange between solvent and non-solvent led to form larger finger-like pores [45] . Also, these metal nanoparticles had strong interactions with PES/NMP, which was reflected in a significant increase in viscosity (data not shown) and was confirmed by other authors, who worked with incorporating nano-ZnO in PES structures [46, 47] . These effects caused a delay in the precipitation of the polymer (a decrease in the diffusion rate of water into the polymer film) and then, the existing macrovoids in the synthesized membranes were partially suppressed due to the delayed liquid-liquid demixing [11, 31] . Irrespective of the hydrophobicity of both metal nanoparticles, the changes in the phase border curves (binodal curves) is observed in the miscibility gap, where the critical point was moved far from the polymer-solvent axis in comparison with the system without nanoparticles and therefore, the homogeneous region was enlarged and more water was needed for the precipitation of PES in these (PES + metal nanoparticles)/NMP/water systems. Thus, the presence of metal nanoparticles could absorb more water molecules and then, the system presented larger tolerance to nonsolvent. Furthermore, the shift of the binodal curves in PES/metal nanoparticles membranes in the cloud point measurements indicated the membrane development by a more delayed liquid-liquid demixing in comparison with the PES/NMP/water system, resulting in narrower, longer and denser finger-like structures without the presence of macrovoids (as it was shown in Fig. 1 ) [50] . In addition, some nanoparticles trapped inside the porous sublayer can be seen in the SEM images of the synthesised membranes, especially in membranes with high concentrations of nanoparticles (marked with red arrows) due to the low dispersion of the entrapped nanoparticles at these conditions and their agglomeration in the matrix structure (see Fig. 1 ). The agglomeration of nanoparticles plays a large role in improving effectively the membrane properties. The presence of agglomerations can be principally caused by the high surface energy of the metal nanoparticles, which tend to agglomerate for diminishing their surface energy to reach a more stable state. For this reason, these agglomerations lead to a bad distribution of metal nanoparticles along both polymer structure and surface, negatively altering membrane flux and antifouling properties by changing parameters such as surface roughness and hydrophilicity [47, 51, 52] . Some researchers suggested that the preparation of nanoparticles with a stabilizer and the use of ultrasonication could be applied in order to prevent the agglomeration of metal nanoparticles [53, 54] .
Simultaneously to SEM technique, EDX analysis was performed to corroborate the presence of the different metal nanoparticles on the surface structure (the active layer). In order to confirm the presence of these species on the membrane surface, FTIR-ATR analyses were performed for all the synthesised membranes. The FTIR-ATR spectra of the control PES membrane and all the (PES + metal nanoparticle) membranes are shown in Fig. 3 . In this operating range of wavelengths, the spectra related to WS 2 /PES membranes exhibited a similar FTIR-ATR spectrum to those obtained for PES membranes, except the 1151 cm -1 peak which was shifted to 1148 cm -1 and also, its intensity was slightly increased. These changes could be attributed to the presence of sulphur-containing groups and are in accordance with those obtained by other researchers [55] . In the case of PES membranes with ZnO nanoparticles, two new absorption bands appeared at 1660 cm -1 and at 3100-3600 cm -1 respectively, which could be assigned to O-H groups of adsorbed water by hydrophilic nano-sized ZnO [56] [57] [58] . observed by other researchers in previous studies [59] . In the same way, the presence of agglomerations could be observed in PES membranes with high concentration of metal nanoparticles, especially in 0.25 wt% ZnO/PES membranes. These agglomerations are represented in the AFM image as broad hills on the membrane surface, which led to an uneven distribution of nanoparticles on the surface structure. This could negatively affect the permselective properties of the membrane [52] . Water contact angle measurements are the most commonly used parameter to describe the hydrophilic character of a membrane. Fig. 5 shows the water contact angle measurements for the different membranes prepared. The control membrane was the least hydrophilic, as it had a water contact angle of 77.1 ± 1.96º, which was the highest value obtained for water contact angle measurements among all the membranes tested.
This value shows the semi-hydrophobic nature of PES and is in accordance with the studies of other researchers [37, 38, 60] . As can be observed in this figure, an increasing metal nanoparticles concentration caused a decline in the contact angle values of the different membranes, indicating an increase in the surface hydrophilicity due to the high affinity of nanoparticles for water compared to PES material. In the same way, the structural changes caused by adding metal nanoparticles may also have some influence in the contact angle results, which led to an increase in surface pore density and pore size (as will be explained in porosity and MWCO section). All these effects could cause an increase in water absorption and permeation. In addition to all these effects and due to its hydrophobic character, the improvement of the hydrophilicity in PES membranes with ultra-low WS 2 concentrations (0.05 wt% WS 2 /PES ratio) could also be related the presence of small amounts of WO 3 in these WS 2 nanoparticles [28, 61] . However, their predominant hydrophobic character appears when their concentration increased (0.25 wt% WS 2 /PES ratio), which led to a slight increase in the contact angle values (70.1 ± 2.47º) next to those obtained for the bare PES membrane. The lowest contact angle values were obtained for ZnO/PES membranes, which nano-sized ZnO presented higher hydrophilic character than WS 2 nanoparticles. These results were consistent with the high surface area of nano-ZnO and therefore, its ability to absorb hydrophilic hydroxyl groups because a larger fraction of water could pass through the membrane structure.
Shen et al. demonstrated that the presence of ZnO nanoparticles on the PES surface and in its matrix structure generated two effects: an increase in the hydrophilicity and also, an increase in the viscosity, as it was observed during the preparation of the polymer solutions [46] . When the ZnO concentration increased in the membrane (from 0.05 to 0.25 wt% ZnO/PES ratio), contact angle did not change significantly which indicates that the presence of ultra-low concentrations of ZnO can notably improve the hydrophilicity of a membrane, as it has been confirmed in other studies [38, 62] . [63] . It can be observed that thickness shrinkage increased with the addition of metal nanoparticle due to the higher affinity of these nanoparticles for water molecules and their hindrance effect during the phase inversion process, which could cause interfacial stresses between polymer and nanoparticles and then, an increase in membrane porosity due to the formation of interfacial pores by the shrinkage of organic phase during the demixing process [66] . The effect of thickness shrinkage on the membrane structure associated to the agglomeration of metal nanoparticles could induce the presence of macrovoids, which can be prevented by the addition of metal nanoparticles at ultra-low concentrations (see Fig. 1 ). caused an improvement in hydrophilicity [68] . This improvement further confirmed the hydrophilicity of the membrane surface and pore walls with the introduction of nanosized metal, especially with ZnO nanoparticles.
Filtration experiments
The effect of metal nanoparticles in the water permeability is shown in Fig. 7 . In general, with increasing the concentration of metal nanoparticles, the water permeability increased. A strong correlation between the results obtained for both the membrane porosity and the water permeability was observed, which followed the same trend after incorporating the metal nanoparticles. When metal nanoparticles were added, a more porous membrane was formed and its skin layer could be reduced. This effect caused a decline in the intrinsic membrane resistance (see Table 2 ) and then, the increase of the water permeability. Thus, an increase in the membrane porosity is directly related to the increase in water permeability [61, 68] . This phenomenon was remarkably reflected in membranes with ZnO nanoparticles in their composition (where the maximum permeability for water was observed at high ZnO concentration, 285.01 L/m 2 ·h·bar), which can also be explained by the alteration of the membrane structure and the improvement in the affinity of the modified polymeric matrix for water molecules caused by high hydrophilic character of these nanoparticles [38] . Furthermore, this increase in water permeability can be also related to the decrease in lateral shrinkage (plane shrinkage ratio) principally due to the presence of inorganic particles in the membrane structure as was reported by Aerts et al. [63] . could cause the suppression of macrovoids inside the membrane structure, the smaller increase in the overall porosity, pore density (as it was observed in SEM images) and surface roughness had a predominant role on the membrane performance, which led to an increase in pore size in the same range. This strong relationship was also observed by other researchers [36] . The rejection values of HA solutions with each synthesised membrane are shown in Fig.   9 . The rejection coefficients for the modified membranes are higher than that obtained for the control PES membrane, which implied an enhancement in HA rejection due to the incorporation of metal nanoparticles into the membrane structure and on its surface. At high WS 2 concentration, the hydrophobic character of the combination WS 2 /PES (as it was depicted in Fig. 5 ) played a dominant role in the membrane permselectivity and made the membrane more susceptible to fouling. Nevertheless, the PES membrane with the lowest ZnO content exhibited the lowest flux decline (~ 50 % of NFR) followed by the 0.05 wt% WS 2 /PES membrane (~ 48 % of NFR). These results are an indicator that the potential application of ultra-low contents of nanoparticles (irrespective to their nature) to improve the membrane performance and its antifouling properties, because the presence of metal nanoparticles at ultra-low concentrations reduced the hydrophobic interactions between the PES membrane and the foulant HA [38, 61] . This is in accordance with the water contact angle results described above. It is well known that the improvement of the membrane surface hydrophilicity inhibits the existing interactions between solute (organic matter) and membrane surface, which avoids the undesired fouling phenomena [61, 69] . However, the effect of high concentrations of metal nanoparticles in membrane performance could be related to the increase in pore size, porosity and roughness, which led to a higher flux decline and a less selective membrane compared to membranes with ultralow content of metal nanoparticles. 
CONCLUSIONS
In order to determine the influence on the structure formation, intrinsic characteristics and permselective properties of a MMM prepared by NIPS method, the incorporation of At high concentrations of metal nanoparticles, the presence of agglomerations in the sublayer structure was observed. FTIR-ATR, EDX and AFM results demonstrated the presence of both species in the surface of the different synthesised membranes, increasing the surface roughness as well as the overall porosity of the membrane. Even at ultra-low concentrations, this last parameter (overall porosity) presented a strong relationship with the pore size and water permeability in both control and modified membranes, especially for ZnO/PES membranes where the increment was more significant. Contact angle results corroborated the improvement in the membrane hydrophilicity using both metal nanoparticles at low concentrations, which can be explained by the higher affinity of both inorganic compounds for water in comparison with the base PES material, especially for hydrophilic ZnO nanoparticles. The possible presence of WO 3 on the nano-sized WS 2 can provide more hydrophilic character to these nanoparticles. Furthermore, the addition of ultra-low concentrations of metal nanoparticles in the membrane structure significantly improved both HA rejection and antifouling properties, which confirms the improvement of the membrane hydrophilicity. Therefore, regardless of their hydrophilicity, the presence of metal nanoparticles at ultra-low concentrations can cause similar structural changes when they were added in a polymeric matrix structure.
